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SUMMARY

A low-speed flight investigation has
provided total force and moment coef-
ficients and aeroelastic effects for the
AD-1 oblique-wing research airplane. The
results were interpreted and compared
with predictions that were based on wind
tunnel data. An assessment has been
made of the aeroelastic wing bending
design criteria. Lateral-directional
trim requirements caused by asymmetry
were determined. At angles of attack
near stall, flow visualization indicated
viscous flow separation and spanwise
vortex flow. These effects were also
apparent in the force and moment data.

INTRODUCTION

In recent years the oblique-wing
configuration was proposed by Dr. R. T.
Jones (ref. 1). Studies of the oblique-
wing concept have shown substantially
improved transonic aerodynamic perform-
ance at Mach numbers up to 1.4, and the
elimination of sonic booms in flight at
Mach numbers as high as 1.2 (ref. 2).
Subsonic, oblique-wing transport studies
have shown the potential of either
increased range or increased payload
(ref. 3). The anticipated low airport
noise and generally better low-speed
performance characteristics afforded by
the unswept (high-aspect-ratio) configu-
ration are common to both the transonic
and subsonic configurations. An over-
view of oblique-wing technology is given
in reference 4. An unmanned oblique-
wing vehicle has been flight tested at
sweep angles up to 45° (ref. 5).
Although oblique-wing aerodynamic per-
formance benefits occur at transonic
speeds, many of the problems associated
with asymmetry are not strongly tied to
compressibility, and thus (to a limited
extent) can be evaluated at low speeds.
The AD-1 project was conducted to inves=-
tigate the low-speed characteristics of
an oblique-wing configuration.

The approach taken for the AD-1 proj~-
ect was to design and fabricate a low-
speed, low-cost, airplane in which
research could be conducted on many of

the problems associated with an aero-
elastically tailored oblique-wing air-
plane. The "low cost, low speed" con-
cept limited both the complexity of the
vehicle and the scope of the technical
objectives. Low speed allowed the use
of a simple structure, fixed landing
gear, and mechanical control system.
Technical objectives were limited by
using only a minimal 40-channel instru-
mentation system. The specific techni-
cal objectives of the AD-1 program were:
(1) assessment of the unique handling
and flying qualities of an unaugmented,
low-speed, oblique-wing vehicle; (2)
general appraisal of the nature and com-
plexity of a flight control system on an
oblique-wing configuration; (3) verifi-
cation of the wing static aeroelastic
criteria; and (4) comparison of the
flight-determined aerodynamic data with
predictions.

The geometric configuration of the
AD-1 aircraft was selected from airplane
configurations studied by the Boeing Com-
mercial Airplane Company under contract
to NASA (ref. 2). While the overall
vehicle design was specified by NASA, the
detailed design and load analysis were
conducted under a contracted effort by
the Rutan Aircraft Factory. Fabrication
was completed under a contracted effort
by the Ames Industrial Corporation.

In this report, flight-determined
total force and moment coefficients and
aeroelastic effects are compared with
preflight predictions. Based on the
flight data, an evaluation of the wing
static aeroelastic design criteria is
made. Some characteristics of the data
caused by flow separation and spanwise
vortex formation at high wing sweeps and
angles of attack are also identified.
In conjunction with reference 6, these
results provide a complete aerodynamic
data package for the AD-1 research
vehicle.

NOMENCLATURE
The right-hand rule is used as a

basis for the force and moment sign con-
vention. The longitudinal coefficients



are referenced to the flight stability
axis, and the lateral-directional coef-

ficients are referenced to the body axis.

All data are referenced to a longitudi-
nal center of gravity at the wing pivot
(that is, 40-percent root chord), are
for the right wingtip forward or at zero

sweep,
ing gear.

and include the effects of land-
Wing sweep is the sweep angle

of the straight chord line on the wing.

C-g.

Cr

normal acceleration, g
axial acceleration, g

lateral acceleration, g

reference and actual unswept wing
span, m (ft)

center of gravity, fraction of c,

reference and unswept wing root
chord, m (£ft)

acceleration due to gravity, g

rolling moment of inertia, kg—m2
(slug-£t2)

x-y cross product of inertia,
kg-m? (slug-ft?)

x-2z cross product of inertia,
kg-m?2 (slug-ft?)

pitching moment of inertia, kg—m2

(slug-ft2)

yawing moment of inertia, kg—m2

(slug—ftz)
roll rate, deg/sec or rad/sec
pitch rate, deg/sec or rad/sec
dynamic pressure, N/m2 (lb/ftz)
yaw rate, deg/sec or rad/sec

reference wing area, m2 (ftz)

T net thrust, both engines, N (1b)
v velocity, m/sec (ft/sec)
W weight, N (1b)
wuT windup turn
a angle of attack, deg
B angle of sideslip, deg
AZ vertical distance from the engine
thrust line to the c¢.g., m (ft)
8a aileron deflection, 8a; ¢
=~ Sapignhes de9
6aT aileron trim tab deflection, deg
Se elevator deflection, deg
Sen elevator trim tab deflection, deg
Sr upper rudder deflection, deg
GrT lower rudder deflection, deg
A wing sweep angle, deg
¢ bank angle, deg or rad
Coefficients:
Cp drag force
C1 lift force
Cy rolling moment
Cm pitching moment
Cn yawing moment
Cy sideforce
ACy rolling moment increment



ACy pitching moment increment

Ac, yawing moment increment

Derivatives:

ICp
37 ¢ per deg
acm
J ic
P
2V

, per rad

ACy
———, per rad

Iz

i=a, B, 6a: <SaTl Gel GeTI 6]’.‘l GrT
j=a
k = P' r

derivatives with respect to Cp, Cy, Cg,

Cns, and Cy are of the same form as Cp.

VEHICLE DESCRIPTION AND INSTRUMENTATION

The general layout of the AD-1 air-
plane, shown in figure 1, consists of a
high-fineness-ratio fuselage, two turbo-
jet engines mounted on short pylons on
the sides of the fuselage, fixed gear,
and a high-aspect-ratio, aeroelastic-
ally tailored oblique wing. The geomet-
ric configuration is similar to that of
a transonic transport design studied in
reference 2. The wing can be pivoted in
flight from 0° to 60° sweep, with right
wing forward, and about a pivot point at
the 40-percent root chord location. A
total fuel capacity of 270 liters
(72 gal) is stored in two fuselage tanks
located forward and aft of the wing
pivot location. The flight center of
gravity (c.g.) was generally within a
few percent of the nominal quarter root
chord value. Additional physical char-
acteristics are given in table 1. The
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airplane's structural composition,

flight controls, and inertias are dis-
cussed in reference 6.

The wing structure was designed to
deflect under aerodynamic loading to an
optimum curvilinear shape at the design
flight condition (lift force coefficient
(Cr,) = 0.3, wing sweep angle (A) = 60°).
The actual wing deflection in bending
and twist was verified before flight
through static ground loading tests.

The results of the loading tests are
included in reference 7.

An 8~bit, 40-channel instrumentation
system was used to provide flight data.
Consistent with the low-cost concept,
the instrumentation system was the mini-
mum that was required to accomplish the
technical objectives and ensure safety
of flight. A list of instrumentation
parameters relevant to the aerodynamic
data analysis is presented in table 2.

WIND TUNNEL DATA

Preflight estimates of the forces
and moments were obtained from wind
tunnel tests of an aerocelastically
scaled 1/6-scale model in NASA Ames
Research Center's 12-Foot Pressure Wind
Tunnel at Moffett Field, California.
Full-scale Reynolds number and scaled
aeroelastic wing bending were obtained
while operating at 4.5 atmospheres stat-
ic pressure and Mach 0.3. The wing was
point designed for an optimal shape at
0.3 Cr, and 60° A. While most of the

data were obtained at these conditions,
limited tests were also made at lower
Mach numbers or tunnel pressures to
obtain vehicle characteristics at angles
of attack over 11° or at off-design wing
deflections. Most of the wind tunnel
data were obtained over an angle of
attack range from -4° to 11°. Predic-
tions outside this range were obtained
by extrapolating the available higher
angle-of-attack data. The wind tunnel
data were obtained at wing sweep angles
of 0°, 25°, 45°, and 60°. Predictions
at 15° and 30° sweep were obtained by

A
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During the wind tunnel tests, two
different model support configurations
were used (fig. 2). In the lower sting
configuration, interference with the
horizontal tail flow was identified, as
discussed in reference 6. Because of
this interference, the upper sting con-
figuration was used to obtain the data
shown in this report. The effect of
this arrangement on the vertical tail
contribution is unknown, which adds some
uncertainty to the drag, sideforce, yaw,
and longitudinal trim predictions.

One aluminum and two fiberglass
model wings were used during the wind
tunnel testing. The fiberglass wings
were designed to have the same scaled
stiffness (in bending) as the flight
vehicle structure. The aluminum wing
was used for preliminary testing, but
the final force, moment, and aeroelastic
predictions were obtained using the more
flexible fiberglass wings. The two
fiberglass wings had straight 25-percent
and 30-percent chord lines, respectively.
Both wings had the same aspect ratio,
taper ratio, and airfoil section. The
straight chord line of the flight vehi-
cle occurred at about 27-percent chord,
and results from testing with the two
fiberglass wings were adjusted to pro-
vide corresponding data.

It was assumed that wing bending was
the primary contribution to a change in
the wing shape. The wind tunnel pres-
sure was varied to obtain changes in
dynamic pressure and wing loading at
constant velocity and angle of attack.
The dynamic pressure necessary to cause
the wing to bend to its design shape at
Cr, = 0.3 is referred to as the design
dynamic pressure (J) or JpgsigN, and most

of the wind tunnel data were obtained at
these conditions. Design & corresponded

to 23.2 kN/m? (485 1b/ft2) in the wind
tunnel and 3.2 kN/m?2 (66 lb/ft2) for the
flight vehicle at 8230 N (1850 1lb) gross
weight. The model was photographed at

the design conditions to verify that the
intended wing shape was achieved.

To define the aerodynamics at off-
design conditions, data were also
obtained at lower dynamic pressures:
G/dpesicn values of about 0.67 and

0.40. An example of these data is
shown in figure 3(a) along with ex-
trapolated values at §/dprsigN of

2.00 and 0 (rigid wing). In order to
compare the wind tunnel data to 1g
deceleration flight data, it was nec-
essary to interpolate the wind tunnel
data to a 1g fairing. The 1g fairing
assumes a nominal gross weight of
8230 N (1850 1b).

It was also of interest to compare
wind tunnel data to the analysis of
flight windup-turn (WUT) maneuvers.

WUTs are a constant § maneuver with
varying angle of attack and additional
loading effects. The additional loading
effects have been modeled as incremental
contributions to the 1g data based on
load factor. The validity of this tech-
nique is discussed in appendix A. Fig-
ure 3(b) illustrates the process for
determining these increments from the
wind tunnel data. The design & data and
the 1g fairing are plotted as a function
of Cp,. The increment between the two

curves is shown as a function of the
load factor which would occur on the
flight vehicle at the same §/@pggsigN and

angle of attack.
FLIGHT DATA

The flight data shown in this report
were obtained during specific test
maneuvers and were processed after
flight by using computational techniques.
Two sets of maneuvers were analyzed.
Level flight decelerations (engines at
idle) provided a variation of angle of
attack at a constant unity load factor.
Dynamic pressure and Reynolds number
also varied during the decelerations.

The second set of maneuvers were constant
velocity windup turns that provided a
variation of load factor and angle of
attack at constant dynamic pressure and
Reynolds number. Both sets of maneuvers



were performed slowly to avoid high
angular rates and accelerations and to
minimize control inputs. Trim tabs and
throttle settings were not adjusted dur-
ing the maneuvers. All of the data were
obtained at an altitude of about 3810 m
(12,500 ft). Maneuvers were analyzed at
a variety of wing sweeps; however, most
of the data presented in this report
correspond to wing sweeps of 0°, 15°,
30°, 45°, and 60°.

RESULTS AND DISCUSSION
Force and Moment Coefficients

The six force and moment coeffi-
cients are presented as functions of
angle of attack for the untrimmed air-
plane under 1g loading and are discussed
individually.

Sideforce, rolling moment, and yaw-
ing moment are strong functions of angle
of attack for the AD-1 airplane because
of the oblique-wing configuration. The
resultant force vector of a two-dimen-
sional oblique wing responds primarily
to the freestream flow component that is
normal to the leading edge. Therefore,
as angle of attack increases, the result-
ant vector tilts forward in the direc-
tion of the normal component and gener-
ates sideforce, roll, and yaw moments.
This is generally true of an oblique-
wing airplane, although some variation is
expected because of three-dimensional
effects.

Force and moment coefficients in 1g
flight (unity load factor) were deter-
mined by solving the six equations of
motion using data from the deceleration
maneuvers. The complete force and
moment equations used in this analysis
were derived from the eqguations of
motion given in reference 8 and are
included in appendix B. Angular accel-~
erations were estimated from angular
rate data, and all data were deleted for
the time interval when these accelera-
tions became large. Sideslip, control
inputs, and angular rates were accounted
for by using the results of a previous

flight derivative analysis (ref. 6) so
that the results can be compared to the
wind tunnel reference configuration.
Trim tab effects were estimated in
flight by balancing tab input with con-
trol input; these were included in the
equations of motion. Engine thrust was
estimated from ground tests and the
manufacturer's specifications of alti-
tude effects; this was also included in
the equations of motion. Therefore, the
force and moment coefficients that were
obtained represent the untrimmed air-
plane in 1g steady flight with zero
thrust. The moment coefficients were
transferred to the reference c.g. at the
wing pivot. A FORTRAN computer program
was written to perform these calcula-
tions. The discrete data points from
each maneuver were plotted; an example
of sideforce data is shown in figure 4.
bata from all maneuvers at the same con-
ditions were combined and faired for the
plots shown in this report.

Lift Coefficient

The lift coefficient results are
shown in figure 5; the comparison
between flight and wind tunnel is gener-
ally good. 1In the linear region of the
data, the 1lift curve slopes were pre-
dicted accurately from the model data.
The flight values of lift coefficients
are higher than the wind tunnel results,
and some differences in slope are seen
at the higher angles of attack.

Nonlinearities in the lift curves
(fig. 5) at high angles of attack are
attributed to viscous flow separation
and spanwise vortex flow. A brief flow
visualization study, to be discussed in
the Rolling Moment Coefficient section,
supports this assumption. Flow separa-
tion, indicated by a reduction in lift
curve slope and shown on the flight
data of figures 5(a) to 5(e), begins at
lower angles of attack than it does in
the wind tunnel results. At the higher
wing sweeps, lift from the formation of
a spanwise vortex replaces the loss
caused by separation and increases the
lift curve slopes as seen in figure 5(e).



This increase in lift curve slope (vor-
tex lift) is seen in the 45° and 60°
sweep wind tunnel data but not at 45° in
the flight data. Additional data from
level flight decelerations at 50° and 55°
sweep are shown in figure 6. 1In this
data, evidence of vortex lift is seen at
55° and 60° sweep at angles of attack
greater than 12°.

Reynolds number variation between
the flight and wind tunnel tests may
explain the different separated flow and
spanwise vortex characteristics. Most
of the wind tunnel data were obtained at
a chord Reynolds number of approximately

7.5 x 106, at angles of attack (a) up to
11°. The higher o data were estimated
from limited wind tunnel data at a Rey-

nolds number of approximately 4 X 108.
During the level deceleration maneuvers,
the chord Reynolds number varied from

7.1 x 10® to 2.6 x 10° because of the
change in airspeed. The flight data at
high angles of attack were generally
obtained at lower Reynolds numbers than
in the wind tunnel.

As expected, the lift drops off with
increasing wing sweep. This reduction
may be approximated by using flight data
at zero sweep and equation (1) (from two-
dimensional swept wing theory).

CL = CLp_q cos A (1)

The resulting variation in lift
curve slope, compared with flight data,
is shown in figure 7.

Sideforce Coefficient

The wind tunnel model and flight
values of sideforce coefficient are
shown in figure 8. A constant bias
exists between the two sets of data at
all angles of attack and wing sweep, and
if this bias is ignored, the comparison
is good. If the wing were in the unswept
position and the vehicle were symmetric,
the sideforce would be zero. The flight
value of sideforce coefficient at A = 0°
is ~0.018, which indicates either a meas-
urement bias or slight asymmetry in the

6

airframe. Similar biases are also
noted in the roll and yaw moment coef-
ficient flight data; this implies that
vehicle asymmetry is the most probable
cause. Therefore, it is suggested that
the bias be ignored when comparing wind
tunnel and flight data.

Drag Coefficient

The drag coefficient results are
shown in figure 9. Although an oblique-
wing airplane would exhibit signifi-
cantly lower wave drag at transonic air-
speeds, the low-speed AD-1 airplane
could not demonstrate this benefit. For
comparison, the flight curves at 0°, 30°,
and 60° sweep are shown together in fig-
ure 10. Incremental changes in drag as
a function of wing sweep were observed,
however. As the wing is swept, the
frontal area of the airplane is reduced;
this results in slightly lower profile
drag. Furthermore, the aspect ratio
decreases with wing sweep which results
in higher induced drag.

Because performance results were not
necessary to accomplish the AD-1 program
objectives, precise values of drag were
not demanded from this analysis. There
were significant differences between the
flight and wind tunnel configurations.
Unlike the wind tunnel model, the flight
vehicle has rounded engine inlets and
some external instrumentation on the
wings. There is also a larger gap
between the wing and fuselage of the
flight vehicle than in the wind tunnel
model. While these inconsistencies are
not expected to greatly affect the other
force components and moments, they may
have considerable impact on the profile
drag force. These discrepancies suggest
larger values of drag for the flight
vehicle. Other error sources, such as
uncertainty in the engine thrust model,
may have additive or compensating
effects on the flight and wind tunnel
comparison.

Rolling Moment Coefficient

The general trends of the rolling
moment coefficient (fig. 11) compare



favorably with wind tunnel data. Both
wind tunnel and flight data indicate
that the largest untrimmed roll moments
at cruise angles of attack occur at
about 30° sweep and decrease to vir-
tually zero at 0° and 60° sweep. This
trend is the basis of the aeroelastic
design criteria and is discussed in the
Aeroelastic Design Criteria section.

The flight data show a constant value of
0.001 at zero sweep, which is attributed
to the airplane asymmetry suggested by
the sideforce data.

Because of the limited angle-of-
attack range of the wind tunnel tests
and variations in Reynolds number, the
effects of high angle of attack were
not well defined in the wind tunnel data.
At 60° sweep, evidence of trailing-edge
separation is seen in the flight data at
angles of attack above 8°. Trailing-
edge separation on the aft (left) wing
results in negative rolling moments.

The onset of vortex lift on the aft wing
occurs at 12° angle of attack; this
results in less negative rolling moments.
These effects are indicated on the flight
data in figure 11(e). Note that vortex
lift is also observed in the 1lift coef-
ficient data (fig. 5) above 12° angle of
attack. At greater angles of attack,
flow separation increases on the aft
wing which results in rolloff to the
left. Iateral control effectiveness is
reduced under these conditions because
of tip separation which makes it impos-
sible to reach higher angles of attack
in steady flight. Complete wing stall
was not possible at 60° sweep.

A brief flow~field study was per-
formed to verify these high-angle-of-
attack effects. Tufts were attached to
the upper surface of the entire wing and
were photographed in flight with the
wing at 60° sweep. Streamwise attached
flow was indicated by the tufts on the
forward (right) wing at angles of attack
up to 15°. Tuft patterns observed on
the aft wing, shown schematically in
figure 12, show considerable separation
developing by 12° angle of attack, and
the spanwise vortex is well defined by

15° angle of attack. This confirms the
analysis of the roll coefficient data.

Pitching Moment Coefficient

The pitching moment coefficient
results (fig. 13) do not exhibit a close
comparison between wind tunnel and
flight data. Much of the discrepancy
may be caused by an inaccurate predic-
tion of longitudinal trim. This is a
difficult term to predict from wind tun-
nel tests and may have been affected by
sting interference (ref. 6).

Yawing Moment Coefficient

The yawing moment coefficients are
shown in figure 14. The flight data
show a small value at 0° sweep for all
angles of attack. Again, this is caused
by the asymmetry of the vehicle. Corre-
lation between flight and wind tunnel
data is poor. For cruise flight, the
yawing moment is relatively small (com-
pared to roll and pitch) and difficult
to measure from the quasi-static maneu-
vers used in this analysis.

Aeroelastic Design Criteria

The goal of the aerocelastically
tailored wing design criteria was to
minimize the roll trim requirements at
the design point flight conditions. 1In
straight—-and-level flight, the AD-1 air-
plane design conditions are 60° sweep
and 0.3 1lift coefficient. This corres-
ponds to an angle of attack of about 4°.
The wing was intended to deflect suf-
ficiently under 1g load to balance the
untrimmed span load about the center-
line of the vehicle. The untrimmed roll
coefficient (fig. 11) is near zero at
60° sweep and 4° angle of attack, indi-
cating that the design goal has been
met. At intermediate wing sweeps between
0° and 60°, significant untrimmed roll
moments do exist. In order to equalize
these moments at off-design wing sweeps,
at most, 18 percent of the available
roll control authority is required when
using significant rudder trim.



Lateral-Directional Trim

Sideforce has a strong influence on
the trim requirements of an oblique-wing
airplane. In order to eliminate lateral
motion, this sideforce must be balanced
by holding bank angle or sideslip angle,
or a combination of both. For steady,
straight-and-level flight, the transla-
tional forces on the vehicle can be
approximated with equation (2). Control
inputs, drag components, and lift caused
by sideslip have been neglected.

Cy+Cy6XB=-CLX¢ (2)

This trim relationship between bank
and sideslip angles for the AD-1 airplane
is shown in figure 15, for a lift coef-
ficient of 0.3 at 60°. Flight values of
CYB were obtained from reference 6, and

values of Cy were obtained from figure 8.

The angle of the wing pivot axis
with respect to the fuselage is an impor-
tant aspect in the design of oblique-
wing airplanes. If this axis is tilted
forward, the wing will develop a bank
angle in relation to the fuselage as it
is swept. For a design flight condition,
this pivot axis angle can be chosen so
that the fuselage remains unbanked when
the wing has attained an effective bank
angle sufficient to balance the lateral
forces with 0° sideslip.

The wing pivot axis of the AD-1 air-
plane is perpendicular to the fuselage.
Figqure 15 shows that for a design point
of A = 60° and Cy, = 0.3, about 9.6° of

bank is necessary for trim without side-
slip. 1If the wing pivot axis had been
tilted forward 5.5°, the AD-1 airplane
wing would achieve this bank angle with
respect to the fuselage at 60° sweep,
thus eliminating the need to bank the
fuselage to obtain 0° sideslip.

Load Factor Effects
The moment characteristics at load

factors greater than one were determined
by analyzing data obtained from windup

turns at about the design . Consider-
able variation exists in the moment
coefficients computed from windup turn
data and those computed from 1g maneu-
vers. As an example, the pitching
moment coefficients at 60° sweep are
compared in figure 16. Computationally,
the roll, pitch, and yaw moment coef-
ficients at 1g were subtracted from the
elevated-g values. The remainders are
referred to as rolling moment increment
(ACg), pitching moment increment (ACR),

and yawing moment increment (ACp), and

are shown in figure 17. These terms
represent the increments on the moment
coefficients at load factors other than
unity.

In order to analyze the forces and
moments under elevated-g loading it was
necessary to assume that the sideslip,
damping, and control derivatives do not
vary with load factor. For most of the
terms this was a good assumption. Pos-
sible exceptions, such as CgB, may have

introduced some error into the analysis.
Derivative data (ref. 6) were obtained
only in 1g flight because the flying
characteristics made precise maneuvering
under accelerated conditions difficult.
Furthermore, the control derivatives
were assumed to be linear throughout the
range of control authority. This was
probably not valid for large aileron
deflections when combined with high
angle of attack. This condition
occurred during low-speed flight with
the wing swept because large aileron
deflections were often used for trim.

The incremental effects on ACy, ACq,
and ACp caused by elevated g (load fac-

tors greater than unity) are presented
in figure 17. These data were obtained
near the design J. The effects of lower
dynamic pressure on these increments
were studied by performing windup-turn
maneuvers at various airspeeds. Biases
occurred because of dynamic pressure
changes; however, the slopes of the
moment increments with respect to load
factor did not vary significantly for



data near design . Both wind tunnel
and flight tests confirmed that the
force coefficients did not vary with
load factor or dynamic pressure. A more
detailed discussion of these character-
istics is given in appendix A.

The moment increments had a signi-
ficant impact on the stability of the
vehicle at higher load factors. As seen
in the example of figure 16, the AD-1
airplane was considerably more stable
longitudinally during 1g decelerations
than during elevated g windup turns
(these data are for the reference c.g.
only; the vehicle was never flown stati-
cally unstable). The AD-1 airplane
structure was adequate to complete the
technical objectives of the project;
however, a stiffer wing accompanied by
appropriate geometric changes would
have improved the flying gqualities by
reducing the load factor effects.

CONCLUDING REMARKS

The total force and moment coef-
ficients for the AD-1 oblique-wing
research airplane have been obtained
from flight tests. These were deter-
mined as functions of angle of attack at
unity load factor. The flight results
were compared with predictions based on

wind tunnel model data. The correlation
was generally good, although it was less
favorable for the drag and yaw moment
components. The data also indicated
significant flow separation and spanwise
vortex flow effects which were verified
by flow visualization at high angles of
attack.

The static aeroelastically tailored
wing design criteria resulted in minimal
roll trim requirements at a 60° sweep
design flight condition. The bank and
sideslip angles required for trim were
determined for the flight vehicle. It
is suggested that optimal selection of
the wing pivot axis angle could elimi-
nate this requirement on future designs.

The moment coefficient characteris-
tics at higher load factors were also
determined in flight. ILongitudinal sta-
tic stability was significantly reduced
during elevated-g maneuvers. Increased
wing stiffness would have improved the
flying qualities of the airplane.

Ames Research Center

Dryden Flight Research Facility

National Aeronautics and Space
Administration

Edwards, California, June 6, 1983



APPENDIX A — AEROELASTICITY MODELING

Because of the oblique-wing configu-
ration, the AD-1 airplane demonstrates
unique aeroelastic properties. These
properties greatly affected the flying
qualities and had to be modeled to
obtain a valid simulation. Because of
the limited range of test altitude and
airplane gross weight, data could not be
obtained only as a function of dynamic
pressure without varying angle of attack.
The available flight data consists of 1g
decelerations, windup turns at near the
design 3, and windup turns at lower
dynamic pressures. The lower § windup-
turn data is limited in quality and
quantity because of poor £flying quali-
ties at high angles of attack, espe-
cially at high sweep angles. At 35°
sweep a reasonable set of windup turns
at various §/JpgsigN was obtained. These

data are used to illustrate two features
of the aeroelastic modeling presented in
this paper.

The first feature is that aeroelas-
tic effects on force data can be neglec-
ted. Generally, the aeroelastic effects
on a conventional swept wing airplane
result in a change in 1lift curve slope
caused by the geometric twist associated
with wing bending. For aft swept wings
this results in a decrease in lift curve
slope and for forward swept wings this
results in an increase in 1lift curve
slope. As shown in fiqure 18, the AD-1
airplane exhibits no significant change
in lift curve slope during changes in
dynamic pressure. This is probably
caused by a canceling of the aeroelas-
tic effects of the forward and aft swept
portions of the oblique wing. The
second feature is that shifting of the
load centroid, caused by different aero-
elastic effects of the forward and aft
swept portions of the wing, results in
a significant moment variation with
loading. Generally, any change in
wing shape because of maneuvering or
airspeed changes will change the moment
coefficients.

10

These characteristics have been pre-
sented in this report as 1g data (cor-
responding to level flight decelerations
with varying @ and a) and the incremen-
tal effect of additional loading at the
design @ as a function of load factor.
Using this modeling technique, a satis-
factory simulation of the vehicle flying
qualities was possible. Airplane gross
weight varied about *10 percent around
the nominal value of 8230 N (1850 1b)
during flight testing and was assumed to
be constant. This was necessary in
order to show the incremental effects as
a function of load factor.

The moment coefficients at A = 35°
from a 1g deceleration and windup turns
at the design and lower dynamic pres-
sures are compared in figure 19. The
off-design @ windup-turn data generally
do not intersect the 1g data and thus
indicate a small moment bias (trim)
error in the model. This error may be
caused by power effects which were pres-
ent in the windup turns. If the incre-
ments between the windup turn (WUT) and
deceleration values are plotted as a
function of load factor (fig. 20), the
slopes of these increments with load
factor are similar for values of @ near
design J. As previously mentioned the
quantity of the data at lower § (higher
a) is limited and is considered to be of
unsatisfactory quality to define such
variations. Therefore, the set of incre-
ments obtained at the design @ was used
in the simulator model for all dynamic
pressures. The simulation produces real-
istic dynamic response at all dynamic
pressures although the response at low
§ was not rigorously evaluated. The
biases which occur in the moment incre-
ments because of varying dynamic pres-
sure result in a trim change for the
flight vehicle and were not modeled in
the AD-1 simulation.
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APPENDIX B — UNTRIMMED FORCE AND MOMENT COEFFICIENT EQUATIONS

Force:

=

C =—(an cos a + ay Slna)

gs

- (CLBx B+CL6ax 84
+ C x § +-13—c x
L§g = 7 2v Lp” P

+—c-£c b +b—C x)
2v Lg X9t oy L, X ¥

Way

3s

+ CYGr x 8§y + CYGrT x Gr'r

2v

= -——[T cos a + W(an sin a

Moment :

= (_I—;b-[qr(lz - Iy) + Prigy

Pquz] - (CILB x B

arr aT
+Cog X 6 + C16r x GrT
T
b Cr
+2_VC‘Q'P p+§VC2 x q

e ep
b (o
v “mp P+55Cng *a
b
+2VCmr r)

+ C x 8§, + C x §
ns,. r nng rm
c Cr
+.__ —
2v np"P+2anqxq

11
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TABLE 1. — PHYSICAL CHARACTERISTICS

Total height, m (£ft) .« « ¢ ¢« ¢ ¢« ¢ ¢ o o o o o

Total length, m (ft) . « ¢ ¢« ¢ ¢« ¢ o o ¢« ¢ o o &

Wing (A = 0°) —
Reference and actual planform area, m? (ft2)
Reference and unswept span, m (ft) . . . . .
Reference and unswept chord (root), m (ft) .
ASpecCt Fatio « + « o o o o« o o o o o ¢ s o o
ALirfoil o o o ¢ o o o o o a o o o o o o o o
Dihedral angle, deg « o o o o o o o o« ¢ o &«
Twist, d€g s « ¢ o ¢ o o o o o o o o o ¢ o =«
Root incidence angle, deg . « « ¢ « ¢ o o o
Quarter chord sweep angle, deg . « + « o« o «
Leading edge sweep angle, ded .« « « o « o+
Average chord, m (ft) . ¢ . ¢ ¢ ¢ o ¢ o o &
Wing pivot location . . ¢ ¢ ¢ ¢ o o o o o .

Sweep angle range, deg . . « ¢« ¢ ¢ o ¢ o o
Horizontal tail —

Planform area, m2 (ft2) . . ¢ 4 v v v o o &
Span, m (ft) . ¢ ¢ ¢ ¢ ¢ v v 4 e e 4 e e o
Average chord, m (ft) .« ¢ o ¢ o o o o o o o
Root chord, m (ft) o v ¢ ¢ ¢ ¢ ¢ o o ¢ o & «
Dihedral angle, degd . « « « ¢ o o o o o o =«
Incidence angle, deg . « « o ¢ o « s ¢ o o o
Leading edge sweep angle, degd =« « ¢ « « o o
ALiXfoil & 4 4 ¢ o o o o o o o o o s 4 o o
Vertical tail —

Area (exposed), m2 (ft2) . v v v o o o o o »
Span (exposed), m (£ft) « & & & o o o ¢ o & &
Average chord, m (ft) . ¢« o ¢ o o o o o o =
Root chord, m (ft) ¢« ¢ ¢ o« ¢ o o o o o s o =
Leading edge sweep angle, de8g .+ + « « o« o
Birfoil o ¢ v ¢ ¢ o ¢ e 4 4 s e e s s e o
Primary control surfaces —
Ajileron hinge line . « « o« o ¢« o o ¢ o o o
Ajileron span (total), m (ft) .+ « « « o « « &

Aileron area, each, m2 (ft2) « v « ¢« o« o « &

. . Y
Aileron root statlon,-g75 e o o o e o b o o

Aileron root chord, m (ft) « « ¢ & « ¢« « & &
Ajileron range, each, deg . « « o « « o o & o
Elevator hinge line sweep angle, deg . . . .

Elevator area, m2 (ft2) . . ¢ v ¢ ¢ o ¢ o &
Elevator average chord, m (ft) . « « &« « o &
Elevator root chord, m (ft) .« 4 ¢ o « o o &
Elevator range, deg .« « « o o o s o o o o
Rudder hinge line sweep angle, deg « . . . .

Rudder area, m2 (ft2) . ¢ v ¢ ¢ ¢ o ¢ « o &
Rudder average chord, m (ft) . . « « + « « &
Rudder root chord, m (ft) . + ¢ « ¢ ¢ « + &
Rudder range, deg .« « o o« o o o o o o o o &

AIRPLANE

. « NACA 3612-02

e « 2,06 (6.75)
. 11.80 (38.80)

. 8.60 (93.00)
. 9.80 (32.30)
« » 1.30 (4.28)
e s e o« 11,2
, 40 (constant)
L
e o o o o s =2
c o s s o o o 2
e o o s o o o 0
e+ s o o o o 2
. «» 0.88 (2.90)
e o ¢ o o Oidcy

s+ s« o o« 0 to 60

« 2.40 (26.00)
. . 2.40 (8.00)
« o 1.00 (3.30)
« « 1.60 (5.40)

. . . . e o o 0

T ¢

e o o o o o« 45
« « « NACA 0006

o 1.30 (14.40)
« « 1.10 (3.70)
« « 1.20 (3.90)
o « 1.80 (5.80)
B X
« « . NACA 0006

s o o« o 0.75c,
. 3.70 (12.00)

. « 0.28 (3,00)
e+« « .+ 0.62

. . 0,20 (0,.65)
o« + s & o %25

e o s e o s 0

« « 0.46 (5.00)
.+ » 0.19 (0.62)
+ «» 0.23 (0.75)
up to 15° down

. o * o o o o O

. « 0.14 (1.51)
.« « 0.24 (0.77)
. . 0.28 (0.91)
e o s e & . %25

13



TABLE 1. — Concluded

Masses —

Empty weight, N (lb) . . « . « .
Useful load, N (1b) . . . « . .
Fuel load, N (1lb) . « ¢ « « o =
Gross weight, N (1b) . . . . . .

Powerplant —

14

Engines « « « o o o o o o o o o«
Sea-level static thrust, each, N

{(1b)

. « « . 6450 (1450)

2930 (695)
2110 (475)

« o « o 9540 (2145)

« + Two TRS-18-046

TABLE 2. — SELECTED INSTRUMENTATION PARAMETERS

979 (220)

Parameter description Range Accuracy
Angle of attack, deg -5 to 20 0.5
Angle of sideslip, deg -15 to 15 0.5
Airspeed, knots 0 to 200 3.0
Altitude, m (ft) 0 to 6100 90.0

(0 to 20,000) (300)
Free air reference -45 to 65 2.0
temperature, °C (°F) (=49 to 149) (3.6)
Pitch attitude, deg -30 to 30 0.6
Roll attitude, deg -30 to 30 0.6
Pitch rate, deg/sec -60 to 60 0.3
Roll rate, deg/sec -60 to 60 0.6
Yaw rate, deg/sec -30 to 30 0.3
Normal acceleration, g -1 to 4 0.025
Lateral acceleration, g -0.5 to 0.5 0.005
Longitudinal acceleration, g -0.5 to 0.5 0.005
Wing sweep angle, deg 0 to 60 0.6
Right aileron, deg -25 to 25 0.5
Left aileron, deg -25 to 25 0.5
Elevator, deg -27 to 15 0.4
Rudder, deg -25 to 25 0.5
Right throttle, percent 60 to 110 1.0
Left throttle, percent 60 to 110 1.0
Aileron trim tab, deg -20 to 20 0.4
Elevator trim tab, deg -20 to 20 0.4
Rudder trim, deg -22 to 7 0.3
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— Wind tunnel

— — Extrapolated
wind tunnel

—-— 1g fairing

ﬁ’ﬁdeslgn
0 (rigid)
0.40

0.67
1.00 (design)
2.00

o
0
1%
A
D

~, \\\\\\
0N\
EEASANN

-4 0 4 8 12 16
a, deg

Figure l. General configuration of the
AD-1 oblique wing airplane; A = 60°.
(a) lg characteristics.

~—— Wind tunnel

— — Extrapolated
wind tunnel

—-—1g fairing

c-‘If'design
01 — & 1.00 (design)
~— Bottom support
Moment
o - increment
\
Cl /
\\
-01} \ \
Top support ~_ \
02 | 1 1 |
0 3 .6 9 1.2
CL
(b) Moment increment extrac-
) . tion.
Figure 2. Wind tunnel
model blade support Figure 3. Example of wind
arrangements. tunnel moment data reduction;

A = 45°,
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1.0

-.04

Cy -.12

-.16

-.24

-2

Figure 4.
sideforce
maneuver;

16

e
Nim2 (1b1t2)

335 to 789 (7 to 16)

790 to 1314 (17 to 27)

1315 to 1984 (28 to 41)

1985 to 2754 (42 to 57)

2755 1o 3690 (58 to 77)

a, deg

Example of unfaired flight
data from a deceleration
A = 45°,

—— Flight (1g deceleration; varying q)

— — Wind tunnel
20 r—

12 —

Onset of trailing

edge separation,
L 8- flight
4
0
—4 | | l | J
-8 -4 0 4 8 12 16
o, deg
(a) A = 0°.
—— Flight (1g deceleration; varying @)
— — Wind tunnel
20—
Onset of trailing
edge separation,
16— flight e
v
12 —
/
7
7
CL 8- 7
i
7
4 ¥
/
/
0
7/
7/
—a 1 | | | |
-8 -4 0 4 8 12 16
a, deg

(b) A = 15°.

Figure 5. Untrimmed 1lift coefficient
results.
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—— Flight (1g deceleration; varying q)

—— Flight (1g deceleration; varying §) —— Wind tunnel
— = Wind tunnel
16 — Onset of trailing Vortex
edge separation, lift,
flight flight
e
1.2 - 12 — \ —_—
Ve
Ve
8 e 8 //
/"] ~Onset of trailing - ~
yd /— edge separation, /‘
L flight —
4 /| // A /
~
/S _
0 L 0 >
7 ~
e -
_4 1 | | 1 J -4 | | |
-8 -4 0 4 8 12 16 -8 -4 0 4 8 12 16
ay deg a, deg
(c) A = 30°. (e) A = 60°.
Figure 5. Concluded.
—— Flight (1g deceleration; varying §)
— — Wind tunnel
1.2 — - A,
deg
/ o—oO 45
8 — ” Oo—0O 50
Onset of trailing O—O 55
/_ edge separation, OH—A 60
C. 4l flight 1.2 —
8-
0
~ G
-4 l ! | i | 41—
-8 -4 0 4 8 12 16
@ deg | 1 | |
0 4 8 12 16
(d) A = 45°. o, dog
Figure 5. Continued. Figure 6. Untrimmed lift

coefficient at high wing
sweeps in flight.



— Flight
—— Theory
A0 —

Figure 7. Variation in l1ift curve
slope with wing sweep; a = 4°.

— Flight (1g deceleration; varying Q)

—— Wind tunnel
.04 —
CY 0
—.04 | | | | J
! -8 -4 0 4 8 12 16
a, deg
(a) A = 0°.
— Flight (1g deceleration; varying q)
— — Wind tunnel
.04 —
0 —
-.04 —
Cy
—-.08 |—
-12 |—
—16 | 1 l 1 |
-8 -4 0 4 8 12 16

a, deg
(b) A = 15°.

Figure 8. Untrimmed sideforce cogfmy. :;
ficient results.
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— Flight (1g deceleration; varying g)

04 r —-~ Wind tunnel
0 Pt
—-.04—
~.08 —
~-12 —
-.16 —
-.20 —
-24 1 | I I J
-8 -4 o 4 8 12 16
o, deg
(c) A = 30°.
—— Flight (1g deceleration; varying q)
04 — —— Wind tunnel
0 ~
-.04 —
-.08 —
-12 —
-.16 —
-.20 —
—¥ g —]4 0 4I tla 1% 1Is
a, deg
(d) A = 45°; 60°.
Figure 8. Concluded.
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—— Flight (1g deceleration; varying q)
—— Wind tunnel

16 —

A2+

o, deg

(a) A=0°o

— Flight (1g deceleration; varying §)
—— Wind tunnel

a, deg
{b) A = 15°,

Figure 9,
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— Flight (1g deceleration; varying §)

— = Wind tunnel
.16

a, deg

(c) A = 30°.

—— Flight (1g deceleration; varying &)
~—— Wind tunnel

16—

A2

a, deg

(d) A=45°-

Untrimmed drag coefficient results,
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——— Flight (1g deceleration; varying q)

—— Wind tunnel
20 —
A6 —
A2—
p
.08 —
.04 — ~
~ — e — -
0 ] i | | |
-8 -4 o 4 8 12 16
a, deg
(e) A = 60°.
Figure 9. Concluded.
A, deg
20 — 0,%
A6
30
A2 —
Cp
.08 —
04 - —1
0 { | | | |
-8 -4 ] 4 8 12 16
a, deg
Figure 10. Flight data showing

variation of drag with wing sweep;
A = 0°, 30°, and 60°.

—— Flight
— — Wind tunnel
005 —
C! I
_ | | | 1 |
‘005—8 -4 0 4 8 12 16
a, deg
(a) A =0°
— Flight
005 — —— Wind tunnel
/\
¢ o AN
s N
AN
-.005 | I | | |
-8 -4 0 4 8 12 16
a, deg
(b) A = 15°,
—— Flight
— — Wind tunnel
010 —
005 |— —
7
y % N
0 /;
Cc

-.005 |— \

-.010 [~
015 | 1 1 | |
~ -4 0 4 8 12 16
a, deg
(c) A = 30°.
Figure 11. Untrimmed rolling moment

coefficient results umder lg loading.
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—— Flight
— — Wind tunnel

.005 —
0
CI =005 —
-.010 —
—.015 | | | ] J
- -4 0 4 8 12 16
a, deg
(d) A = 45°,
~—— Flight
— — Wind tunnel
Onset of trailing tip Onset of
separation, flight —\ vortex
.005 — lift,
flight
0 =
/ N
-.005 — \
- -4 0 4 8 12 16
a, deg
(e) A = 60°.
Figure 11. Concluded.

Streamline
patterns

flow
separation

7 CL = 0.88,

a = 15°

C_ = 0.8,
a = 12°

Figure 12. Trailing wing upper
surface flow field; A = 60°.

—— Flight
—— Wind tunnel
.08 —
_____ I~
04 ~
~
\\ ~N
0 \\
~N
N
Cm -.08 |— AN
-.08 —
-12 —
_16 | ! | | |
-8 -4 0 4 8 12 16
a, deg
(a) A = 0°.

Figure 13. Untrimmed pitching moment
coefficient results under lg loading.
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ORIGINAL,

PRI Y

—— Flight
— — Wind tunnel
.08 —
~
04 ~
~
N
0 N
N\
-.04 — AN
AN
-.08 L | | LN
-8 ~4 0 4 8 12 16
a, deg
(b) A = 15°.
—— Flight
— == Wind tunnel
.08 —
AN
04 |— \\\
AN
0 AN
N
N
-04 — \
AN
N
-.08 —
-12 | L | |
-8 -4 0 4 8 12 16
a, deg
(c) A = 30°.
Figure 13.

A2 —

— Flight
~— Wind tunnel

-.04 —

-4 0 4 8 12 16
a, deg

(d) A = 45°.

—— Flight
— — Wind tunnel

Cm —.04|—

-.08 —

-12

-.16

Concluded.



—— Flight
—— Wind tunnel
005 —
Cn 0 hp——— T .
—.005 ] ] | | J
-8 -4 0 4 8 12 16
a, deg
(a) A =0°
—— Flight
—— Wind tunnel
005 —
Cn 0 ~— — =
005 1 | 1 L
- -4 0 4 8 12 16
a, deg
(b) A = 15°.
—— Flight
---— Wind tunnel
005 —
c —
n 0 = —
e
— 005 | 1 | L
-8 -4 ()} 4 8 12 16
a, deg
(C) A = 30°.
Figure 14.
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— Flight
— — Wind tunnel
.005 —
—
0 e
cn
-.005 —
_510 | | | | |
-8 -4 0 4 8 12 16
a, deg
(d) A = 45°.
—— Flight
— — Wind tunnel
.005 —
0
Cp -.005 —
-.010
—.015 ] ] | ] |
-8 -4 0 4 8 12 16
a, deg

(e) A = 60°.

Untrimmed yawing moment coefficient results under 1lg loading.
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0 -1 -2 -3 -4 -5
B, deg

Figure 15. Flight esti-
mates of the AD-1 air-
plane trim requirements
at A = 60° and C;, = 0.3
and with right wing down.

~—— Deceleration, 1g throughout
—— Windup turn, 1 to 2g,
V = 87 mi/sec (170 knots)

.04 —
/
/
e
0 .
m —.04 [—
__oa L
—12 I 1 | |
0 4 8 12 16
a, deg

Figure 16. Example of
load factor effects on
the pitching moment
coefficient; A = 60°.

.005 — —— Flight
~ — Wind tunnel

Acy 0 ‘__/_\

-.005

ot | N N B B

005 —

ACy — 005 |—

-.010 —

ot I S B N

ACy — 005 [

-.010

-.015

005 —

-.005 |~
ACy

-.010

-.015 —

[ | | | | [ J
'0200 5 1.0 15 20 25 3.0 35

an, 9

(a) ACyg.
Figure 17. Incremental effect of load
factor on moment coefficients at the
design .
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—— Flight
— — Wind tunnel

A = 15°

-.05
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Figure 17.
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—— Flight
— — Wind tunnel
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ORIGIIAD o
~—— Deceleration OF POCKR & ...WY
(varying q’qdesign)
Windup turns,
q/qdesign —— Deceleration
o0—0 ;(7)(‘3 (varymg qlqdesign)
OO 0: a7 Wigd_up turns,
&6 035 94esign
14— 0—0 1.00
O—0 0.78
o0 0.47
1.0 - o O 0.35
CL \/.(.;0
) 0
o—25
9 1 | | | 1
-2 2 6 10 14 18 Cm —.04 —
a, deg
Figure 18. Comparison of lift —.08 —
coefficient from a deceleration
and various windup turns;
A = 35°, —12 l | I I _J
-2 2 6 10 14 18
o, deg
Deceleration (b) Pitch coefficient.
(varying tTm—‘design )
Windup turns,
940sign Deceleration
8:8 1.00 (varymg q/qdesign)
o0 g:g Windup turns,
A o AN 0.35 qquesign
010 — o—0 1.00
00— 0.78
o 0.47
005 005 o 0.35
¢
0 Dfo\/aﬂ\ LI
— 005 ' 1 l l | 008 | 1 ] |
-2 2 6 10 14 18 o 2 6 10 14 18
a, deg a, deg

(a) Roll coefficient.

Figure 19. Moment data from a
deceleration maneuver (varying
3/9design) and windup turns at
various § ratios; A = 35°,

(c) Yaw coefficient.

Figure 19. Concluded.
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Figure 20. Moment increments at
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